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摘   要 
 
氢能是最理想的洁净能源之一 然而 氢气的储存和运输不仅费用昂贵
技术上也相当麻烦 甲醇因其能量密度高 易于储运处理 运价低廉而被认为
是一种氢的最佳载体 甲醇催化分解制氢是甲醇制氢的三种途径之一 甲醇直
接分解成氢气和一氧化碳是比未分解的甲醇和汽油更洁净有效的燃料 可以用




高 34% 而且贫油燃烧时燃烧更充分 可以降低一氧化碳和烃类的排放 除此
之外 甲醇分解气燃烧温度较低 因而燃烧尾气中 NOx 含量较低 经验证明
NOx的排放量可降低一个数量级  
目前工业上合成甲醇常用的 Cu-Zn-Al 催化剂在用于甲醇分解时效率很





催化角度考虑 碳纳米管诱人的特性 除其高的机械强度 大而可修饰的表
面 类石墨的管壁结构 以及纳米级的管腔外 其优良的电子传递性能 对






















为 x%CuiCrj/CNTs 和碳纳米管促进共沉淀型 Cu-Cr 催化剂 记为
CuiCrj-y%CNTs 考察它们对甲醇分解反应的催化性能 并与三种常规载体
AC(活性炭) SiO2和 γ-Al2O3分别负载的相应催化剂和不添加碳纳米管的共




下   
 
1. 负载型碳纳米管促进 Cu-Cr催化剂的研制和表征  
(a) 以碳纳米管作为载体 研制出一类高活性负载型甲醇分解催化剂 制备
参数的优化结果为 被担载金属氧化物组份最佳摩尔比为 Cu/Cr= 10:1
相应最适宜担载量以 Cu计为 25.0wt% 相应之 Cu10Cr1担载量为 27%
实验结果表明 所制备 27% Cu10Cr1/CNTs催化剂在 453 K反应温度下对
甲醇分解就显示出相当可观的催化活性 这比其它三种常规载体负载的
相应参比催化剂上甲醇分解的起动温度低约 10 20K 在 503 K 0.1 MPa, 
原料气组成为 CH3OH/Ar= 2/1(mol/mol), 相应 GHSV= 3600 mL h-1 
(g-catal.)-1的反应条件下 其氢气时空产率达 133 mmol-H2 h-1 (g-catal.)-1
相应的甲醇转化率为 71.2 % 分别是 AC SiO2和 γ-Al2O3负载参比样上
氢气时空产率 分别为 111 73.5 60.9 mmol-H2 h-1 (g-catal.)-1 的 1.20
1.81 2.18倍  
(b) 比表面积及 Cu表面积的测试结果表明 在四种不同载体负载体系中 碳
纳米管负载体系 27% Cu10Cr1/CNTs 的 BET-比表面积最小 只达 113.8 
m2g-1 分别为 AC SiO2和 γ-Al2O3负载相应体系 262.7 199.4和 145.2 
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m2g-1 的 43% 57% 和 78% 但 27% Cu10Cr1/CNTs的 Cu表面积却最
高 达 34.6 m2g-1 分别比 AC SiO2 和 γ-Al2O3负载相应体系的 29.3
24.1和 22.5 m2g-1 高出 18% 44%和 54% 上述不同载体负载的四种催
化剂对甲醇分解催化活性的高低顺序与它们的 Cu 表面积的大小顺序相
一致  
(c) 氧化前驱态催化剂试样的 H2-TPR测试结果显示 它们的可还原性高低顺
序为 27%Cu10Cr1/CNTs>27%Cu10Cr1/AC>27%Cu10Cr1/SiO2>27%Cu10Cr1/ 
γ-Al2O3 与它们对甲醇分解的催化活性的高低顺序相一致  
(d) H2-TPD观测揭示 常压下在碳纳米管载体上可吸附数量相当可观 并在
453-553 K温度范围处于可逆吸附-脱附的吸附氢物种 在 433 K温度下吸
附以氢的 27%Cu10Cr1/CNTs 催化剂试样 其低温 386K 脱附产物和
高温 473-923K 脱附产物的数量均明显高于其它三种载体负载的参比催
化剂 而而前者高温脱附峰的峰温均明显低于后三个其它载体负载的参比
样 尤其是高温脱附峰 峰-II 前者为 561.9 K 比 AC SiO2和 γ-Al2O3
三种常规载体负载相应催化剂之相应体系分别低约 30 220和 50 度(K)
这一变化趋势与这些催化剂活性的高低顺序相一致  
(d) XRD 表征结果显示 在工作态 27.0wt%Cu10Cr1/CNTs 27.0wt%Cu10Cr1/ 
AC 27.0wt%Cu10Cr1/SiO2 27.0wt%Cu10Cr1/γ-Al2O3催化剂上皆共存着分
别含 Cu0和 Cu+的两类微晶相  
(e) 工作态催化剂的 Cu(2P)-XPS和 Cu(LMM)- Auger谱的分析结果表明 在
四种不同载体分别负载 Cu-Cr 催化剂工作态表面上 存在着 Cu0和 Cu+
两种铜物种 工作态催化剂的 Cr(2P)-XPS 谱的分析结果表明 Cr 是以
Cr3+价态存在  





















2. 共沉淀型碳纳米管促进 Cu-Cr催化剂的研制和表征 
(a) 用自行制备的碳纳米管作为促进剂 研制出一类共沉淀型高效甲醇分解
催化剂 CuiCrj-y%CNTs 评价它们对甲醇分解反应的催化活性 并与不添
加碳纳米管的相应参比体系作对比 实验发现 碳纳米管能明显地促进
甲醇分解反应活性的提高 在 523 K 0.1MPa, CH3OH/Ar= 2/1(mol/mol), 
GHSV= 3600 mL h-1(g-catal.)-1的反应条件下 在 Cu10Cr1-12.5wt%CNTs
催化剂上 氢气的时空产率达 134.7 mmol-H2 h-1 (g-catal.)-1 相应甲醇转
化 率 为 85.9% 而 在 相 同 条 件 下 在 非 促 进 相 应 参 比 样
Cu10Cr1-0.0wt%CNTs 上 氢气的时空产率只达 110.4 mmol-H2 h-1 
(g-catal.)-1 相应甲醇转化率为 78.4%  
(b) 比表面积及 Cu表面积的测试结果表明 加入适量 CNTs 可以提高催化
剂的比表面积和 Cu 表面积 其中氧化态 Cu10Cr1-12.5%CNTs 的 BET-比
表面积为 63.8 m2(g-catal.)-1 是 Cu10Cr1-0.0%CNTs (42.5 m2 (g-catal.)-1)的
1.50倍 而还原态 Cu10Cr1-12.5%CNTs的 Cu表面积为 46.9 m2(g-catal.)-1
是 Cu10Cr1-0.0%CNTs (40.6 m2g-1-catal.)的 1.16倍  
(c) 氧化前驱态试样的H2-TPR测试结果显示 CNTs的加入明显地提高了Cu-
基催化剂的可还原性 Cu10Cr1-12.5wt%CNTs的 H2还原主峰温度约为 497 
K 比相应参比样 Cu10Cr1的还原主峰低约 10 K   
(d) H2-TPD 结果显示 添加了碳纳米管的 Cu-Cr 催化剂在 433K 时对 H2的
吸附量明显高于没有添加 CNTs的催化剂  
(e) XRD 测试结果显示 在工作态催化剂上共存着分别含 Cu0和 Cu+的两类
微晶相  
(f) 在工作态催化剂上观测到的Cu(2P3/2, 2P1/2)-XPS和Cu(LMM)-Auger特征
峰 932.5/952.3和 570.2 eV(B.E.) 可归属为 Cu0物种所贡献 946.5/965.4
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和 576.6 eV(B.E.) 可归属为 Cu+物种所贡献 在工作态催化剂上观测到
的 Cr(2P)-XPS特征峰 576.6/586.3 eV(B.E.) 可归属为 Cr3+物种所贡献  
g)  反应表观活化能测试揭示 无论在 GHSV 3600 mL h-1 (g-catal)-1还是在





3.  碳纳米管促进作用的本质 
从表 3-1 和表 4-1 所示结果可见 不论是负载型的抑或共沉淀型的碳纳
米管促进 Cu-Cr催化剂 其甲醇分解转化率均明显高于相应的参比体系 但
对于以单位活性 Cu 表面作为基准计算的本征反应速率 碳纳米管促进的体
系与相应的参比体系则无大差别 由此可见 碳纳米管促进催化剂上甲醇分




认为 作为载体和/或促进剂的碳纳米管 至少 有如下促进效应 1 碳纳
米管载体是 Cu-Cr催化活性组份优良的分散剂 它促进工作态催化剂活性 Cu
表面大为提高 2 碳纳米管也是 氢溢流 的优良促进剂 它的存在有助于
Cu-Cr 催化活性位上甲醇分子脱离下来的 H物种 溢流 疏散 转移至碳
纳米管上 并随后偶联成 H2(a)脱附 于是降低了副产物甲醛 甲酸甲酯的生




















的提高 作出不同程度的贡献 本工作也为碳纳米管可以起促进 氢溢流
的作用提供一典型实例  
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Hydrogen energy is one of the cleanest fuels. However, hydrogen is difficult and 
costly to transport and store. Methanol is considered as a renewable energy 
source and the best hydrogen carrier available because its energy density is high 
and it is easy and cheap to transport and to store. 
Hydrogen production from methanol decomposition is one of three approaches of 
dehydrogenation from methanol. Decomposed methanol can be used as a fuel for 
internal combustion engines of automobiles. It also can provide a much more 
convenient and economical on-site source of carbon monoxide and hydrogen for 
chemical processes and material processing. 
Decomposition of methanol to carbon monoxide and hydrogen on board a vehicle 
provides a fuel that is more efficient and cleaner than liquid methanol. 
Decomposed methanol has excellent properties for spark ignition combustion. 
Inter-combustion engines running on decomposed methanol can be operated 
under leaner combustion than those on liquid methanol or gasoline and at higher 
compression ratios than those on gasoline. These further increase the thermal 
efficiency of the decomposed methanol fuel. Decomposed methanol could be up 
to 34% better than undecomposed methanol. Lean and complete combustion will 
ensure low carbon monoxide and hydrocarbon emissions. Decomposed methanol 
can provide an order of magnitude reduction of NOx emissions compared with 
lean-burning liquid methanol because of lower combustion temperatures. 



















methanol decomposition. The catalysts suffered from rapid deactivation. Thus, 
the activity and stability have been two major challenges in the methanol 
decomposition reaction. 
Carbon-nanotubes (CNTs) are drawing increasing attention recently. This type of 
new carbon material possesses a series of unique features, such as, its nanosize 
channel, the highly conductive graphite-like tube-wall, the sp2-carbons- 
constructed surface, and its excellent performance of hydrogen adsorption. These 
features make the CNTs full of promise to be a novel catalyst carrier or even 
promoter.  
 
In the present work, highly active CNT-supported/promoted Cu-based catalysts 
for hydrogen production from methanol decomposition were prepared and studied. 
The results shed light on the design and development of applicable catalysts. 
Several significant results are described as follows: 
 
1. Studies of Preparation and Characterization of CNT-supported/ 
promoted Cu-Cr2O3 Catalysts 
With a type of in-house synthesized multi-walled carbon nanotubes (CNTs) and 
the nitrates of the corresponding metallic components, highly active CNTs- 
supported/promoted Cu-Cr2O3 catalysts, symbolized as x%CuiCrj/CNTs, were 
prepared by impregnation method. Their catalytic performance for methanol 
decomposition was investigated and compared with those of the Cu-Cr2O3 
systems supported by AC (active carbon), SiO2 and γ-Al2O3. It is experimentally 



















decomposition. Under the reaction condition of 503 K, 0.1 MPa, CH3OH/Ar= 2/1 
(mol/mol), GHSV= 3600 mL h-1(g-catal.)-1 over the 27% Cu10Cr1/CNTs catalyst, 
methanol decomposition exhibited considerable reactivity and reached the STY of 
133 mmol-H2 h-1 (g-catal.)-1, which was 1.20 1.81 and 2.18 times as high as that 
over the corresponding catalysts supported by AC, SiO2 and γ-Al2O3, respectively, 
at the same operating conditions.  
The measurements of N2-BET-specific surface area (SSA) and Cu surface area 
showed that the sequence of SSA of these catalysts in the oxidation state was: 
27% Cu10Cr1/AC (262.7 m2g-1) > 27% Cu10Cr1/SiO2 (199.4 m2g-1) > 27% 
Cu10Cr1/γ-Al2O3 (145.2 m2g-1) > 27% Cu10Cr1/CNTs (113.8 m2g-1), while the 
sequence of the corresponding Cu surface area was: 27%Cu10Cr1/CNTs (34.6 m2 
g-1) > 27%Cu10Cr1/AC (29.3 m2g-1) > 27% Cu10Cr1/ SiO2 (24.1 m2g-1) > 27% 
Cu10Cr1 /γ-Al2O3 (22.5 m2g-1). 
The H2-TPR spectra of precursors of these catalysts showed that their reducibility 
was in the sequence: 27%Cu10Cr1/CNTs > 27%Cu10Cr1/AC > 27%Cu10Cr1/SiO2 > 
27%Cu10Cr1/γ-Al2O3, which was good consistent with the sequence of their 
catalytic activity for hydrogen production from methanol decomposition.  
The XRD determinations showed that there co-existed two crystallite-phases of 
Cu0X and Cu2O species in the functioning catalyst. 
The XPS-Auger measurements indicated that, on the functioning catalyst, there 
existed Cu+, Cu0 and Cr3+ surface species, with Cu0(2P3/2/2P1/2)= 932.6/952.6 eV 
(B.E.), Cu0(LMM)= 570.4 eV(B.E.), Cu0(2P3/2/2P1/2)= 943.2/962.2 eV(B.E.), 
Cu0(LMM)= 576.8 eV(B.E.), Cr3+ (2P3/2/2P1/2)= 576.4/586.2 eV(B.E.). 



















and store a considerable amount of hydrogen under atmospheric pressure in 
temperatures ranging from room temperature to ~573 K. TPD spectra of hydrogen 
adsorbed on the pre-reduced catalysts showed that the temperature of the 
27%Cu10Cr1/CNTs functioning catalyst of the higher-temperature peaks (peaks-II) 
was much lower than that of 27%Cu10Cr1/AC, 27%Cu10Cr1/SiO2, 27%Cu10Cr1/ 
γ-Al2O3 functioning catalyst, in line with the observed sequence of catalytic 
activity of these catalysts for the methanol decomposition.  
In-Situ Raman spectra showed that there existed surface formate species on the 
functioning catalyst.  
 
2. Studies of Preparation and Characterization of CNTs-promoted 
Coprecipitated Cu-Cr2O3 Catalysts 
With a type of in-house synthesized CNTs and the nitrates of the corresponding 
metallic components, highly active CNTs-promoted Cu-Cr2O3 catalysts, 
symbolized as CuiCrj-y%CNTs, were prepared by co-precipitation method. Their 
catalytic performance for hydrogen production from methanol decomposition was 
studied, and compared with the corresponding CNTs-free co-precipitated catalyst, 
CuiCrj. It is experimentally found that appropriate incorporation of a minor 
amount of the CNTs into the CuiCrj can significantly advance the catalyst activity 
for methanol decomposition. Under the reaction conditions of 523 K 0.1 MPa, 
CH3OH/Ar= 2/1(mol/mol), GHSV= 3600 mL h-1(g-catal.)-1, the observed 
methanol-conversion and STY over a co-precipitated catalyst of Cu10Cr1-12.5% 
CNTs reached 85.9% and 134.7 mmol-H2 h-1 (g-catal.)-1, which was about 10% 



















corresponding CNTs-free co-precipitated catalyst, Cu10Cr1, respectively.  
The measurements of the BET-specific surface area and Cu surface area indicated 
that the doping of a minor amount of the CNTs led to a considerable increase in 
specific surface area and Cu surface area of catalyst, with 50% increase (i.e., from 
42.5 to 63.8 m2(g-catal.)-1) in SSA and 16% increase (i.e., from 40.6 to 46.9 
m2(g-catal.)-1) in Cu surface area observed for Cu10Cr1-12.5%CNTs and the 
contrast system Cu10Cr1-0.0%CNTs. 
The H2-TPR spectra of the catalyst precursors showed that the reducibility of 
those catalysts was in the sequence: Cu10Cr1-12.5%CNTs > Cu10Cr1-10.0%CNTs 
> Cu10Cr1-15.0%CNTs > Cu10Cr1-0.0%CNTs, in line with the sequence of their 
catalytic activity for hydrogen production from methanol decomposition.  
The XRD determinations showed that, on the functioning Cu10Cr1-12.5%CNTs 
catalysts, three strong Cu0 peaks (2 θ = 43.6°, 50.4°, and 74.3°), indicating that 
there co-existed two crystallite-phases of Cu0X and Cu2O species on the 
functioning catalyst. 
The XPS-Auger measurements indicated that, there existed Cu+, Cu0 and Cr3+ 
surface species, with Cu0(2P3/2/2P1/2)= 932.5/952.3 eV(B.E.), Cu0(LMM)= 570.2 
eV(B.E.), Cu+(2P3/2/2P1/2)= 946.5/965.4 eV(B.E.), Cu+(LMM)= 576.6 eV(B.E.), 
Cr3+(2P3/2/2P1/2)= 576.6/586.3 eV(B.E.). 
TPD spectra of hydrogen adsorbed on the pre-reduced catalysts showed that the 
temperature of the Cu10Cr1-12.5%CNTs functioning catalyst of the 
lower-temperature peaks (peaks-I) was lower than that of the Cu10Cr1-0.0%CNTs 
functioning catalyst, in line with the observed sequence of catalytic activity of 



















The apparent activation energy was measured between 433K and 493K at the 
reaction conditions of 0.1MPa, CH3OH/Ar= 2/1(mol/mol), GHSV= 3600 mL h-1 
(g-catal.)-1 and GHSV= 5400 mL h-1(g-catal.)-1, respectively. The results showed 
that activation energy of methanol decomposition in the presence of a 
Cu10Cr1-12.5%CNTs catalyst was very close to that of the CNT-free contrast 
system Cu10Cr1 measured at the same reaction conditions. This result is likely to 
imply that the addition of a minor amount of the CNTs to the CuiCrj did not alter 
the reaction pathway of the methanol decomposition. 
 
3. Nature of the CNT Promoter Action 
As shown in Tables 3-1 and 4-1, the conversion of methanol decomposition 
over the CNT-promoted Cu-Cr catalyst, either supported or coprecipitated, was 
pronouncedly higher than that over the corresponding contrast system, whereas 
their corresponding intrinsic reaction rate was quite close to each other. It thus 
indicated that high conversion of methanol over the CNT-promoted Cu-Cr 
catalysts was mainly due to the increase of their active Cu-surface area. On the 
other hand, it is clear that selectivity of H2 in products of methanol decomposition 
over the CNT-promoted Cu-Cr catalysts was considerably higher than that over 
their corresponding contrast system; this was the main origin leading to its high 
space-time-yield of hydrogen. It seems to us that the CNTs promoter may play the 
following two roles at least: 
1) The CNTs could serve as an excellent dispersant for Cu-Cr2O3 components. 
Proper incorporation of a minor amount of the CNTs into CuiCrj significantly 



















catalyst surface for methanol decomposition reaction. 
2) The CNTs could be an excellent promoter for “hydrogen spill-over” from 
the catalytically active sites of Cu-Cr to CNT-carrier or promoter, which would be 
conducive to scattering hydrogen-adspecies produced from dehydrogenation of 
methanol molecules at Cu-Cr sites and transferring them to CNT carrier, followed 
by the coupling and desorption, thus favorable to reducing the probability of 
formation of the by-products, formaldehyde and methylformate, and enhancing 
the selectivity of deep dehydrogenation of methanol to form H2 and CO. 
 
Keywords: Multiwalled carbon nanotubes; CNT-carrier; CNTs-promoter; 
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